Abstract: Thermoablation of cancerous cells using probe-based strategies has received a lot of attention because it provides a localised minimally invasive strategy that minimizes injuries to collateral tissues. Although radiofrequency ablation is the most widely used probe-based method, skin injuries at the site of the grounding pad are a major complication that limits its efficacy. This paper presents a novel plasmonic photo-thermal probe that has the potential to achieve reasonable lesion sizes without skin burns. First, the concept and its embodiment are presented. Then, its performance is investigated using a 3-D finite-element method (FEM) model. The FEM model was tested for its validity using an analytical model. Lesions are shown to have an ellipsoidal shape and their sizes controlled by the length of the active tip of the probe. The comparison with the analytical model showed reasonably good agreement to within 2%. Our predictions demonstrate the feasibility of our novel probe to achieve reasonable lesion sizes as well as show that generated heat is localised.
PUBLIC INTEREST STATEMENT
The destruction of cancerous cells using heat delivered by needle-like devices has received a lot of attention due to its potential to localize treatment. Radiofrequency ablation is the most widely used technique, however, skin injury is a major issue that limits its efficacy. This work proposes and evaluates the feasibility of a novel needle-like device that can potentially eliminate these injuries and enhance the efficacy of treatment. The device is essentially a two-part cannula consisting of a distal active nanocomposite (gold nanoparticles (AuNPs) and polymer) tip and a proximal insulated shaft. Our predictions demonstrate the feasibility of our device to kill cancerous cells using heat converted from absorbed near-infrared (NIR) light by AuNPs in the tip. In the NIR region, light absorption by biological materials is minimal; therefore, skin injuries can be prevented. Furthermore, our device offers the possibility of combining hyperthermia and chemotherapy in one device to enhance treatment.
Introduction
The most frequently occurring cancer in women is breast cancer. It accounted for 6.8% of all cancer deaths among females and 14.6% of all cancer cases in the year 2012 (Torre et al., 2015) . However, recent advances in diagnostic techniques have increased the detection of small breast carcinomas due to the increase in implementation of screening programmes (Jochelson, 2012) . For such small breast cancers, mastectomy is an aggressive form of treatment. Therefore, treatment methods that can enhance the use of lumpectomy by eliminating residual cells or direct destruction of cancer cells are needed.
Externally controlled localized thermoablation techniques such as modern probe-based applicators hold significant promise for cancer therapy due to their potential to reduce injuries to surrounding healthy tissue that are associated with conventional techniques. Ablative techniques that have been reported in the literature include cryoablation (Chen, Lin, Xie, Zhang, & Li, 2015) , laser ablation (Leuthardt, 2016) , microwave ablation (Correa-Gallego et al., 2014) , high focused ultrasound (Jolesz & Hynynen, 2002) and radiofrequency ablation (RFA) (de Baére et al., 2015) , which is the most widely used technique due to its general availability and recent technical advances. However, issues such as the need for high-current RFA to increase heat generation leads to an increased risk of skin burns which in turn limits lesion sizes (Huffman, Huffman, Lewandowski, & Brown, 2011; Ibrahim, Finta, & Rind, 2016; Nguyen, Hattery, & Khatri, 2014) . The incidence of skin burns after RFA ranges from 0.1-3.2% for second-/third degree skin burns and up to 33% for first-degree burns (Steinke, Gananadha, King, Zhao, & Morris, 2013) .
In recent years nanomedicine, which involves the combination of nanotechnology-based techniques and conventional heat sources, has received a lot of attention (Krishnan, Daigaradjane, & Cho, 2010) . Specifically, targeted laser heating of accumulated gold nanoparticles (AuNPs), so called plasmonic photothermal therapy (PPT), is one of such promising nanomedicine techniques (Krishnan et al., 2010) . Different types of AuNPs, including gold nanospheres (El-Sayed, Huang, & El-Sayed, 2006) , gold nanorods (Huang, Neretina, & El-Sayed, 2009 ), gold/silica nanoshells (Bardhan, Lal, & Joshi, 2011) , and gold-silver nanocages (Chen et al., 2010) have been reported in the literature as suitable candidates for PPT. These nanoparticles have shown encouraging results due to properties such as low toxicity (Pan et al., 2007) , ease of functionalization (Tiwari, Vig, Dennis, & Singh, 2011) and localized plasmon resonance (LSPR) (Amirjani, Bagheri, Heydari, & Hesaraki, 2016a , 2016b mNehl & Hafner, 2008) . LSPR, which is due to confinement of surface plasmons in noble metallic particles can be tuned to enable the strong absorption of light in the near infrared (NIR) region. Therefore, due to the high extinction coefficient of biological tissue in the NIR region, heating can be confined to region where AuNPs are contained. Furthermore, the strong absorption ensures the use of relatively lower laser energies to minimize injury to collateral tissue including the skin.
Recent advances in the nanomaterials science have motivated the development of multifunctional polymer nanocomposites, which are highly sought after in the field of biomedical sciences because of the opportunities they offer for the development of novel applicators. Specifically, the introduction of physical functionalities, such as magnetic and optical into polymeric matrix is desirable for many advanced techniques in thermometry. For example, the authors fabricated polymeric nanocomposite structures and investigated their potential for the treatment of post-operative breast cancer (Kan-Dapaah, Rahbar, & Soboyejo, 2014 ). Meenach and co-workers developed poly( −amino ester) hydrogels and demonstrated their potential for multimodal treatment of cancer (Meenach & Chinedu, 2012) . Kang and Ko reported the development of lipid-coated multifunctional nanocomposites composed of drugs and nanoparticles for cancer treatment. Their results showed that the nanocomposites caused significant cytotoxicity to breast-cancer and melanoma cell lines (Kang & Ko, 2015) .
In this paper, a novel probe for localized thermoablation of cancer is presented, and its thermal performance is analysed using a 3D multiphysics finite element method (FEM) model (Reynoso, Lee, Cheong, & Cho, 2013) . We hypothesize that our probe will potentially achieve reasonable lesion diameters and also eliminate skin burns associated with the RFA. Our ultimate research goal is to establish a novel treatment modality that reduces or completely prevents local recurrence in postoperative breast cancer cases.
Description of system

Concept of device
The probe exploits advances in nanocomposite science and PPT to develop a minimally invasive cancer treatment probe that can potentially enhance efficacy by eliminating issues such as skin burns associated with RFA. Figure 1 presents a schematic of the probe. The probe is essentially a cannula with two main parts: a distal active tip made of a plasmonic nanocomposite and a proximal insulated shaft. The dimensions of the different parts of the cannula vary, depending on treatment requirements such as location and size of the affected area. Although, the probe can be used for traditional single thermotherapy (hyperthermia or ablation), the advantage of our probe design is the potential to use it for multimodal cancer therapy involving simultaneous hyperthermia and chemotherapy.
How system works
The probe is inserted into the tissue, using appropriate image guidance techniques, so that the active tip (nanocomposite) is located within the targeted area. Then, the patient is exposed to a therapeutic tumor irradiation protocol using a remote NIR light (650-900 nm). Au nanoparticles in the active tip absorb the NIR light and converts it into heat. The mode of heat transfer is primarily conduction. To achieve reasonable lesion sizes and avoid skin burns, NIR laser irradiation power density should not exceed the maximal permissible exposure to skin. For instance, for an 808 nm laser, the skin-permissible dosage is ≈ 0.33 W cm -2 (American National Standard Institute, 2007).
Chemotherapeutic drugs can be simultaneously delivered to the target area through a fabricated pathway (within the probe) by connecting an automatically controlled syringe (drug holder) to the insulated shaft. The drugs can be delivered at preferred durations and rates.
Methods
In-vivo predictions
In an effort to evaluate the feasibility of the proposed system, we simulated the heating of postoperative breast tissue, using a finite element method (FEM) model, to explore the thermal damage.
Problem formulation
We assumed that the probe was inserted in a breast tissue phantom (see Figure 2) , such that only its active tip is located in the region of interest. The objective of the treatment was to maintain a uniform temperature distribution in the region of interest. The model takes into account laser illumination, thermal propagation and thermal damage. Characterization and prediction of tissue damage required a three-part model: (1) a transport theory model to estimate photon absorption, (2) a heat diffusion model to calculate temporal temperature distribution and (3) a cell death model to calculate the thermal dose, using the temperature history from part (2).
Geometry
The geometry of our FEM model is shown in Figure 2 . The breast tissue phantom was modeled as a semi-ellipsoidal block with major and minor axes of 12 and 6 cm, respectively. Figure 2 (a) shows that the probe was inserted into the semi-ellipsoidal breast tissue model. The distal active tip of the probe was assumed to be nanocomposite consisting of poly-methyl-methacrylate (PMMA) and AuNP, and the proximal shaft probe was assumed to be a pure PMMA. Figure 2(b) is the meshed model used for FEM modeling.
Photon transport
For a given medium, when scattering process dominates absorption process as is the case for biological systems the optical diffusion approximation can be used to describe photon transport. This is described by:
) is the fluence rate, s(⃗ r) (W m −3 ) is the light sources term, and a (m ) is the scattering coefficients and g is the anisotropy factor which takes into account the effects of directionally dependent scattering. For our analysis we assume a continuous wave Gaussian (e.g. full width at half maximum of 5 mm). When an NIR beam is incident onto a body, the light fluence rate within that body, the solution to Equation (1) is given by Reynoso et al. (2013) : 
is the effective attenuation coefficient, n is the direction of beam travel, P 0 (W) is the laser power.
Heat diffusion
The heat distribution within the tissue is determined by the Pennes bioheat equation (Pennes, 1948) :
) is the density, c p (J kg
) is the specific heat capacity at constant pressure, (W m
) is the thermal conductivity and
), c b and T b are the density, blood perfusion rate, specific heat capacity and temperature of blood, respectively. Q m (W m , which represents a gold nanoshell with a diametre core of 110 nm and gold shell with a thickness of 10 nm. The boundary conditions for Equation (4) were: heat transfer by convection at Γ 1 , n ⋅ ( ∇T) = h ⋅ (T ext -T); where the heat transfer coefficient h = 3.5 Wm
• C, at Γ 1 ; a prescribed temperature Γ 2 at , T = 37
• C, at Γ 2 ; and continuity, n ⋅ ( 1 ∇ T 1 -2 ∇ T 2 ) = 0 on all of interior boundaries.
A temperature of 37 • C (for the normal body) was used as the initial temperatures in all domains of the model. To predict thermal damage, an Arrhenius injury model (Rylander, Feng, Bass, & Diller, 2007) was used. The model is defined by:
where E a (J mol The values of parameters used in the simulation are summarized in Table 1 . The effective thermal and physical properties of the nanocomposites were estimated using the rule of mixtures. Due to the pronounced changes in the blood perfusion (BP) and thermal conductivity of tissues, temperaturedependent values were considered for some parameters. To account for temperature dependence of BP, the second term on the right hand side of Equation (4) was multiplied by a scaling factor (SF). SF for breast tissue (SF b ) can be expressed as (Dřížďal, Togni, Víšek, & Vrba, 2010) : Also, thermal conductivity as a function of temperature was obtained from Duck (1990) to be:
(T) = [1 + 0.0028(T − 293.15K)]
Model validation
We compared our predicted radial temperature distribution with results predicted by an analytical model developed by the authors in Andra, d'Ambly, Hergt, Hilger, and Kaiser (1999) in an effort to validate the numerical model. The solution of the analytical model was implemented using a the technical software Matlab (The MathWorks, Inc, Natick, MA, USA). The details of the model are summarized in Appendix 2.
Results and discussion
In-vivo predictions
For all simulations, the laser power was set at 1 W unless otherwise stated. Figure 3(a) show the crosssectional temperature distribution for the x-z plane, after the tissue is subjected to 15 min of heating Tissue: scattering coeff., s (Reynoso et al., 2013) 12,200 m −1
Tissue: anisotropy const., g (Reynoso et al., 2013) 0.9
Tissue: density, (Huang et al., 2010) 1,000 kg m −3
Tissue: heat capacity, c p (Huang et al., 2010) 3,400 J kg
Tissue: thermal cond., (Reynoso et al., 2013) 0.587 W m Blood: sp. heat capacity, c b (Daniels & Rubinsky, 2009) 3,642 J kg
at maximum probe-tissue interface temperature of 100
• C. AuNP concentration, N, was 81.7 × 10 11 nps/ml. The results shows that the temperature distribution is non-uniform. The maximum temperature occurs at the central part of the active probe tip. This maximum temperature does not directly affect the tissue, as it is located within the active tip. It can also be observed that the temperature is distributed symmetrically about the center of the probe tip and spreads radially away from the center of the active probe tip. This is consistent with the conduction heat transfer mode. Figure 3(b) shows that the volume where sufficient irreversible damage occurs is ellipsoidal and fairly symmetric about the probe tip. Figure 4 and Table 2 summarize the characteristics of the lesion as a function of the length of the active tip of the probe. The results show that the major axis, 2H, of the lesion increases with length, L of the active tip. For a given laser power of 1W, 2H increased from ≈13.8 mm (L = 5 mm) to ≈23.4 mm (L = 15 mm). Furthermore, the results show that distance between the distal end of the active tip and the boundary of the lesion (M = H − L∕2) decreased slightly (≈ 1%) as L increased from 5 mm to 15 mm. Thus, the average value of M was ≈4.3 mm, which is a little over 40% more than the 3 mm margin needed to potentially avoid recurrence (Jardines et al., 1995) .
Implications
The study gives insights that offer a context within which the performance of the probe can be discussed. However, it is important to state here that our analysis is based on a numerical model; thus, comprehensive experimental work is needed to obtain a realistic evaluation of the performance of the device. Modern probe based treatment methods are good alternative for certain cancer cases where resection is not feasible for clinical or technical reasons (Rossi et al., 2011) . These methods are considered minimally invasive due to factors such as reduced blood loss, less complication during the procedure and relatively shorter period of convalescene compared to surgery. Although RFA probes remain the most widely used ablative techniques worldwide (Campbell et al., 2009) , increased risk of skin burns is a major concern because it leads to limited lesion sizes. The plasmonic heating based probe proposed in this study can potentially overcome this problem since it eliminates the need for skin contact electrodes (source of skin burns). Furthermore, since biological tissues have high extinction coefficient at NIR wavelength, the LSPR of AuNPs can be tuned to enable the strong absorption of light in the NIR region to minimize or prevent injury to collateral tissue. Also, RFA requires good contact between the RF probe tip and the biological media to generate heat, however, the heat generated by the plasmonic probe is not dependent on the biological media/probe contact but on the power of the NIR laser source and concentration of nanoparticle.
Finally, our predictions show that our probe can achieve negative margins required to prevent recurrence (Jardines et al., 1995) , a potential advantage over existing RFA probes is the possibility of combining hyperthermia and chemotherapy in one probe. The enhancement of the antitumoral effect of various chemotherapeutic drugs during hyperthermia has been reported previously (Wust et al., 2002) . This enhancement is explained by an increase in blood perfusion and the permeability of cell membrane as well as altered active drug transport and cell metabolism (Hahn & Shiu, 1983) . Possible strategies that could be used to deliver drugs include the creation of a pathway within the probe to allow the injection of drugs or the use of thermo-sensitive smart hydrogel-based nanocomposites that will release the drug at a predetermined temperature. However, to investigate the feasibility of these concepts as well as the synergistic effects of the heat and drugs, further experimental studies are needed.
Model validation
The parameters used for the simulations were obtained from Amirjani et al. (2016a) . The following properties were used for the nanocomposite: 1 = 0.778 W K , R = 3.15 mm and a power density, P = 6.15 W cm , c 1 = 3.72 J g
. Figure 5 presents the comparisons of temperature change as function of time (a) and distance (b) from the composite center after 300 s of heating. The predict results from our numerical model shows about 1-2% divergence from the analytical results. This can be attributed to the effects of mesh size and the shape of the cylindrical geometry used. 
Summary and concluding remarks
In this paper, a novel plasmonic heating probe was proposed and analyzed. In an effort to assess its performance, we explored thermal damage in biological tissue subjected to localized heating by the probe. Our predictions demonstrate the feasibility of our novel probe to achieve reasonable lesion sizes that are sufficient to potentially eliminate post-operative residual cancer cell. However, it is clear that systematic experimental studies (i.e. from in-vitro to in-vivo) are needed to obtain a realistic assessment of the actual performance of the probe.
